Background: PDGF is a potent chemoattractant for cells. Results: The PDGF-induced extracellular matrix component Cyr61 bridges the intracellular PDGF-ERK and JNK signaling pathways with integrin/FAK signaling, leading to cell migration. Conclusion: Cyr61 is a key mediator of PDGF-induced cell migration via the Cyr61-integrin-FAK pathway. Significance: Extracellular Cyr61 convergence with growth factor and integrin/FAK signaling is a new cell migration concept.
p38 and AKT activity. Furthermore, our results reveal that PDGF-induced Cyr61 interacts with specific integrins and that Cyr61 and integrins are integral components in PDGF signaling. Finally, we identified the Cyr61-integrin-FAK axis in the PDGF pathway. These data reveal, for the first time, that the PDGF/Cyr61/integrin pathway contributes to cell migration.
EXPERIMENTAL PROCEDURES
Reagents-Recombinant PDGF-BB and antibody against mouse Cyr61 were from R&D Systems (Minneapolis, MN). Antibody against ␤-actin was from Sigma. Antibodies against p-MEK, p-ERK, ERK, p-JNK, p-p38, AKT1, p-AKT-S473, and FAK; the integrins ␣V, ␣4, ␣5, ␤1, ␤3, ␤4, and ␤5; PDGF receptor ␤; and phospho-PDGF receptor ␤ were from Cell Signaling Technology (Beverly, MA). Antibodies against integrin ␣6, Egr1, and rabbit IgG were from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies against ␣6␤1 and ␣␤3 were from Millipore (Danvers, MA). Antibodies against p-FAK-Tyr-397, p-FAK-Tyr-576, p-FAK-Tyr-577, p-FAK-Tyr-861, and p-FAK-Ser-910 were from Life Technologies, Inc. The MEK1/2-specific inhibitor U0126, the JNK-specific inhibitor SP600125, the p38-specific inhibitor SB203580, and the PI3K-specific inhibitors wortmannin and LY294002 were from Enzo Life Sciences (Farmingdale, NY). The FAK-specific inhibitor PF573228 was from TOCRIS Bioscience (Bristol, UK). Non-silencing siRNA, siRNAs for Cyr61, and the integrins ␣6, ␤1, ␤3, and FAK were from Qiagen (Gaithersburg, MD). The cross-linker 3,3Ј-dithiobis(sulfosuccinimidylpropionate) (DTSSP) was from Pierce.
Tissue Culture-Mouse aortic SMCs were prepared from explants of excised aortas of mice as described previously (21) . Cells were maintained in DMEM containing 10% fetal bovine serum. Cells were made quiescent by incubation in serum-free DMEM for 24 h. PDGF-BB was dissolved in PBS.
Western Blot Analysis-Cultured mouse SMCs were rinsed with cold PBS and lysed in lysis buffer (0.5 M Tris-HCl (pH 6.8), 10 M urea, 10% SDS, 1 M DTT, a mixture of protease inhibitors (Roche), 0.05 M PMSF, 0.2 M Na 3 VO 4 , and 0.5 M NaF) with sonication for 30 s on ice. Cellular proteins were separated by 7%, 8%, and 10% SDS-PAGE and transferred to a polyvinylidene fluoride membrane (Immobilon-P, Millipore). Membranes were then probed with specific antibodies, and the specific protein bands were viewed using ECL Plus (GE Healthcare).
siRNA Treatment-Cells were transfected with non-silencing or specific siRNA (Qiagen) for 48 h using Lipofectamine RNAiMAX reagent (Life Technologies) following the instructions provided by the manufacturer. On day 3, cells were starved for 24 h, followed by treatment either with or without PDGF-BB.
Preparation of Detached Cells and ECM-SMCs were grown in 60-mm dishes. After removal of the culture medium and rinsing with PBS, cells were detached from the dish by incubation with 1 mM EDTA. The dish was then rinsed twice with 1 mM EDTA to remove remaining cells. Cellular fractions were lysed as described under "Western Blot Analysis." Extracellular material remaining on the dishes after removal of the cellular components was extracted by scraping at 90°C in Laemmli sample buffer (60 mM Tris-HCI (pH 6.8), 2% SDS, 5% fl-␤mercaptoethanol, and 5% glycerol). These fractions were designated as ECM as described previously (22) .
Cell Migration Assay-Cell migration was performed by trypsinizing SMCs and plating them onto transwell migration plates (Corning, New York, NY) for migration assays. 2 ϫ 10 5 cells were added to the upper chamber. Cells were allowed to migrate through filters (8-m pore size) precoated on both sides with gelatin in the presence of either medium (600 l) alone or medium with PDGF-BB at designated concentrations in the lower chamber. Cell migration was carried out at 37°C in 5% CO 2 for 6 h. Cells remaining on the upper surface of the filter were carefully removed by mechanical scraping. Cells migrated to the lower side were fixed with methanol and then stained with Harris H&E. The cells that had migrated to the lower surface of the filter were counted in four random objective fields (ϫ200 magnification) using a Nikon Eclipse E600 microscope.
Cross-linking-SMCs were grown in 60-mm dishes. After 24 h of starvation, the culture medium was removed, and SMCs were rinsed with PBS twice. Adherent cells were incubated in 2.0 mM DTSSP (Pierce) in PBS for 30 min at room temperature (23) . Unreacted cross-linker was quenched for 15 min by addition of 1 M Tris-HCl (pH 7.5) to a final concentration of 20 mM. After quenching, samples were lysed and analyzed by Western blotting with antibodies against integrins ␣6, ␤1, and ␤3 or Cyr61.
Overexpression of Cyr61 Protein and Immunoprecipitation-Mouse aortic SMCs were cultured in DMEM supplemented with 10% fetal bovine serum. SMCs were infected for 24 h with either Ad-CMV-null adenovirus or Ad-CMV-mCyr61 adenovirus (Vector Biolabs, Philadelphia, PA). After infection, cells were lysed in immunoprecipitation lysis buffer (1% CHAPSO, 30 mM Tris-HCl (pH 8.0), 150 mM NaCl, 5 mM EDTA, and protease/phosphatase inhibitor mixture). After sonication for 20 s, total cell lysates were centrifuged at 14,000 ϫ g for 5 min at 4°C to remove cell debris, and the supernatants were incubated with Cyr61 antibody for 3 h with rotation at 4°C. Protein A-Sepharose beads were then added and incubated with rotation overnight at 4°C. After washing five times with cold PBS, the immunoprecipitates were separated by SDS-PAGE and probed with either Cyr61 antibody or specific integrin antibody.
[ 3 H]Thymidine Incorporation-SMC proliferation was determined as described previously (24) . Cells were transfected with non-silencing or Cyr61 siRNA for 48 h. After 24-h starvation, SMCs were stimulated with or without PDGF-BB for 24 h. During the last 6-h incubation period, cells were labeled with 1 Ci/ml methyl-[ 3 H]thymidine. After labeling, cells were washed three times with ice-cold PBS and two times with 10% trichloroacetic acid. Trichloroacetic acid-insoluble material was hydrolyzed by 0.25 N NaOH, and radioactivity was assayed in a liquid scintillation counter. The proliferation of SMCs was assessed by determination of [ 3 H]thymidine incorporation into DNA.
Statistical Analysis-Results are means Ϯ S.E. Comparisons between multiple groups were performed using one-way analysis of variance with post-hoc Student's t tests. Single comparisons were made using two-tailed, unpaired Student's t tests. A p value of 0.05 was considered statistically significant. first tested whether PDGF influences Cyr61 expression in SMCs. Cultured mouse aortic SMCs were serum-starved for 24 h and then treated with 10 ng/ml PDGF-BB for various time periods. Cell lysates were analyzed by SDS-PAGE, and Cyr61 protein expression was determined by Western blotting. As shown in Fig. 1A , we found that PDGF-BB markedly induced MARCH 27, 2015 • VOLUME 290 • NUMBER 13
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Cyr61 protein expression (over 17-fold), peaking at around 1 h. PDGF-BB induction of Cyr61 was in a dose-dependent manner ( Fig. 1B ). At concentrations above 2.5 ng/ml, PDGF-BB significantly induced Cyr61 protein expression. These data suggest a role of Cyr61 in PDGF-induced cellular function. Because it is well known that PDGF induces SMC migration and proliferation, we determined whether PDGF-induced Cyr61 mediates these functions. When Cyr61 expression was knocked down successfully ( Fig. 1C ) with specific siRNA, we observed a significant blockage of PDGF-induced cell migration ( Fig. 1D ) (60 -70% inhibition in all PDGF concentration ranges used). In contrast, knockdown of Cyr61 expression had no detectable effect on PDGF-induced cell proliferation ( Fig. 1E ). Therefore, these data reveal a novel and specific role for Cyr61 in the PDGF signaling pathway. That is, Cyr61 regulates PDGF-induced cell migration rather than proliferation. We also observed that knockdown of Cyr61 expression has no significant effect on either expression or phosphorylation of PDGF receptor ␤ (Fig.  1F ), indicating that Cyr61 has influence downstream of the PDGF-BB receptor. The effect of the endogenously produced Cyr61 on SMC migration and proliferation was assessed further by overexpression of Cyr61 by adenovirus infection (Fig. 1 , G-I). We observed that overexpression of Cyr61 enhances SMC migration ( Fig. 1H ) but has no significant effect on SMC proliferation (Fig. 1I ). These data further support the role of Cyr61 in PDGF-induced SMC migration.
Activation of ERK and JNK, but Not p38 or AKT, Is Required for PDGF-BB-induced Cyr61 Protein Expression-To determine the molecular basis that mediates Cyr61 expression, we assessed whether activation of MAPKs or AKT has a role in Cyr61 expression because these kinases have been implicated in PDGF-induced cell migration (9 -11) . We first measured the activation of MEK, ERK, JNK, p38, and Akt stimulated by PDGF-BB in mouse primary SMCs. As shown in Fig. 2A , the activation of MEK, ERK, JNK, and p38 in response to PDGF-BB was dramatic and transient, peaking around 2-15 min. However, AKT had a long-lasting activation, from 2 min to 1 h ( Fig.  2A ), suggesting a possible role of these kinases in regulating Cyr61 expression.
We next examined the regulatory relationship between these kinases and Cyr61 expression. As shown in Fig. 2B , 10 M U0126, a specific MEK1/2 inhibitor, nearly completely blocked PDGF-induced Cyr61 expression. The same effect was also observed when the specific inhibitor of JNK (SP600125) was admitted. However, neither the specific inhibitor of p38, SB203580, nor the specific inhibitors of PI3K (wortmannin and LY294002) had significant inhibitory effects on PDGF-induced Cyr61 expression ( Fig. 2, B and C) . These data indicate that activation of ERK and JNK are required for de novo Cyr61 synthesis, but neither p38 nor PI3K/AKT play a significant role in Cyr61 expression. We observed a dose-dependent inhibition of U0126 or SP600125 on PDGF-induced cell migration (Fig. 2 , D and E). The level of inhibition of cell migration by either U0126 or SP600125 is consistent with the level of knockdown of Cyr61 expression ( Fig. 1D ), supporting the notion that the ERK and JNK pathways mediate Cyr61 expression, leading to cell migration.
PDGF-BB-induced Cyr61 Has No Feedback
Effect on the Activation of AKT and p38 -Although p38 and PI3K/AKT do not contribute to Cyr61 expression ( Fig. 2, B and C), previous studies showed that both p38 and AKT contribute to SMC migration (10, 11) . We were curious about whether newly synthesized Cyr61 has a feedback effect on the intracellular activation of p38 and AKT. The effect of knockdown of Cyr61 on the activation of p38 and AKT was determined. As shown in Fig. 2F , knockdown of Cyr61 expression has no detectable effect on the activation of p38 and AKT, indicating that PDGF-induced Cyr61 contributes to SMC migration via a p38-and AKT-independent pathway.
PDGF-BB-induced Cyr61 Protein Is Located in the ECM-To determine whether PDGF-BB-induced Cyr61 is located in the ECM, we assessed Cyr61 accumulation in ECM compared with that accumulated intracellularly. At various time points, cells stimulated with or without PDGF-BB were detached from the cell culture dishes with 1 mM EDTA. After removal of the cellular fraction, the ECM was collected by incubation in Laemmli sample buffer at 90°C, followed by scraping of the dish as described previously (22) . Western blot analysis from the paired groups of detached cell lysates ( Fig. 3A) and ECM (Fig.  3B ) indicated that the de novo synthesized Cyr61 was highly accumulated intracellularly at 1 h and disappeared after 4 h. Accompanying this dynamic intracellular process, Cyr61 started to accumulate in the ECM at 1 h, peaking around 1-2 h. Therefore, PDGF-BB-induced Cyr61 protein went through the intracellular pathway and was promptly secreted into the ECM compartment and bound to the matrix.
Cyr61 Mediates PDGF-induced FAK Activation, Which, in Turn, Contributes to SMC Migration-Intracellular FAK activation is important in cell migration because it regulates the dynamics of cell adhesion, actin polymerization, and cytoskeleton reorganization (25) (26) (27) . Several sites of tyrosine phosphorylation have been identified in FAK to mediate FAK activity or FAK interaction with SH2 domain-containing proteins. The major autophosphorylation site Tyr-397 is essential for the majority of FAK functions (28) . 
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the C-terminal domain (30) . We found that stimulation with PDGF induced biphasic activation of FAK. The first activation peak was weak and transient at 2 min of PDGF stimulation. A major late-phase FAK activation peaked at around 1-2 h (Fig.  4A) . Strikingly, the late-phase FAK activation peak is concomitant with the extracellular matrix protein Cyr61 production peak. We hypothesized that Cyr61 mediates FAK activation in response to PDGF stimulation. To test our hypothesis, we examined whether depletion of Cyr61 using specific Cyr61 siRNA had an effect on FAK activation. As shown in Fig. 4B , down-regulation of Cyr61 effectively blocked the activation of FAK, indicating that PDGF-induced Cyr61 mediates FAK activation.
We next examined the functional role of FAK in PDGF-induced SMC migration. Pretreatment of SMCs with PF573228, the specific inhibitor of FAK, dose-dependently blocked PDGFinduced migration (Fig. 4C ), suggesting that FAK is involved in PDGF-induced cell migration. To confirm the FAK role, we silenced FAK expression with the specific siRNA and found that knockdown of FAK expression blocked PDGF-induced SMC migration by 57% ( Fig. 4D ), indicating that FAK is a key regulatory molecule in the PDGF signaling pathway mediating SMC migration. To further confirm the upstream/downstream relationship of Cyr61 and FAK in PDGF-induced SMC migration, we examined whether knockdown of FAK has an additional influence on Cyr61 depletion-caused reduction of SMC migration. As shown in Fig. 4 E, knockdown of both Cyr61 and FAK blocked SMC migration to the same level as knockdown of either Cyr61 alone or FAK alone, indicating that the Cyr61-FAK axis contributes to PDGF-induced SMC migration. We next tested the role of specific upstream kinase(s) in FAK activation because our data revealed that MEK/ERK and JNK mediate PDGF-induced Cyr61 expression ( Fig. 2) and that Cyr61 mediates FAK activation (Fig. 4B ). As shown in Fig. 4F , the MEK/ERK-specific inhibitor U0126 and JNK specific inhibitor SP600125 completely blocked PDGF-induced FAK activation, whereas neither PI3K inhibitors (wortmannin and LY294002) nor the p38 MAPK inhibitor SB203580 had any effect on FAK activation (Fig. 4G ). Taken together, these data indicate that the ERK-and JNK-regulated Cyr61 pathway mediates FAK activation, leading to cell migration.
The Integrins ␣6␤1 and ␣v␤3 Interact Physically with Cyr61 and Are Functionally Involved in PDGF-induced Cell Migration-To pursue how the PDGF-induced matricellular protein Cyr61 transduces extracellular signals to the intracellular level to promote cell migration, we tested whether specific cell membrane receptor integrins are downstream regulators of Cyr61 and mediate extracellular Cyr61 signaling, leading to cell migration. It has been shown that Cyr61 is a ligand for certain integrins (12, 13, 31, 32) . We screened the possible involvement of integrins by testing whether specific integrin antibodies can interfere with PDGF-induced cell migration and whether specific integrins interact with endogenous Cyr61. Integrins are a large family of cell transmembrane receptors. They are composed of integrin ␣ (Itg ␣) and integrin ␤ (Itg ␤) subunits, and each Itg ␣␤ combination has its own signaling properties and binding specificity. A number of integrin subunits, such as ␣v, ␣4, ␣5, ␣6, ␤1, ␤3, ␤4, ␤5, ␣6␤1, and ␣␤3, are expressed in SMCs (33) (34) (35) . We found that the specific antibodies against ␣v, ␣6, ␤1, ␤3, ␣6␤1, and ␣␤3 significantly blocked PDGF-BBinduced SMC migration, but the antibodies against ␣4, ␣5, ␤4, and ␤5 had no effect on PDGF-BB-induced SMC migration ( Fig. 5A ), suggesting that integrins ␣6␤1 and ␣␤3 are required for PDGF-BB-induced SMC migration. We next examined whether endogenously produced Cyr61 interacts with cell membrane integrins. Although it has been documented that the purified recombinant Cyr61 and its peptides interact with specific integrins (12) (13) (14) , little is known about whether the endogenously produced Cyr61 in an intrinsic cellular microenvironment interacts with transmembrane integrins in physiological/pathological conditions. To address this question, we undertook two approaches: a protein cross-linking assay using DTSSP, a chemical reagent that has been used successfully to detect the interaction of transmembrane glycoproteins with the matrix protein collagen (36) , and a coimmunoprecipitation assay in SMCs. As shown in Fig. 5B , when cultured SMCs were stimulated with PDGF-BB for 1 h without the cross-linking reagent DTSSP, we observed that Cyr61 (about 41 kD) was detected heavily in lane 2 compared with lane 1. Strikingly, we found that, with DTSSP cross-linking, Cyr61 was detected in two forms. One is the original 41-kD form, and the other is a complex (over 250 kD, Fig. 5B, lanes 3 and 4) . Of note, in the complex, a huge amount of Cyr61 appeared in the PDGFtreated sample (compare Fig. 5B, lanes 4 and 3) , indicating a strong binding capacity to other molecules because of the newly synthesized Cyr61. Similarly sized complexes were also detected when antibodies against Itg ␣6, ␤1, and ␤3 were used (Fig. 5B, lanes 7, 8, 11, 12, 15, and 16) but not detected when antibodies against Egr1 and ERK (negative controls) were used, suggesting a likelihood of binding of endogenous Cyr61 with the specific integrins ␣6␤1 and ␣␤3. Noticeably, when detected with an individual integrin antibody, the amount of complexes in both PDGF-induced and uninduced cross-linked samples was similar (Fig. 5B) , indicating that dominant and consistently high levels of integrins are present in cell membranes.
To further validate our finding that Cyr61 interacts with integrins ␣6␤1 and ␣␤3, we overexpressed Cyr61 in SMCs (Fig. 5C, left panel) and performed immunoprecipitation experiments. As shown in Fig. 5C , when immunoprecipitated with the specific integrin ␣6 antibody, Cyr61 was detected in the immunoblot (center panel), indicating a specific interaction between Cyr61 and integrin ␣6. When immunoprecipitated with Cyr61 antibody, integrin ␣ was detected in the immunoblot (Fig. 5C, right panel) , indicating a specific interaction between Cyr61 and integrin ␣. Taken together, these results support the conclusion that endogenously produced Cyr61 interacts with integrins ␣6␤1 and ␣␤3 and mediates cell migration.
Specific Integrins Are Integral Signaling Molecules in PDGFinduced FAK Activation and Cell Migration-The results from the above experiments indicate that the endogenous Cyr61 interacts with ␣6␤1 and ␣␤3. Finally we examined whether integrins ␣6, ␤1, and ␤3 have an influence on PDGF-induced FAK activation by determining whether knockdown of the expression of integrins ␣6, ␤1, and ␤3 blocks FAK activation and diminishes PDGF-induced cell migration. As shown in Fig.  6, A and B , knockdown of expression of ␣6, ␤1, and ␤3 with the specific siRNA completely blocked FAK activation, indicating that these integrins mediate FAK activation in the PDGF pathway. Knockdown of expression of ␣6, ␤1, and ␤3 also largely blocked SMC migration (Fig. 6C) . These data, together with the results presented in Fig. 5 , support the conclusion that matricellular Cyr61 interacts with integrins ␣6␤1 and ␣␤3 to transduce PDGF signaling to activate FAK, leading to cell migration. Therefore, this study provides the first evidence of the MAPK-Cyr61-integrin-FAK axis in the PDGF pathway and of mediation of cell migration via this novel pathway.
DISCUSSION
The major discoveries of the current study are that the matricellular protein Cyr61 is a key extracellular mediator of PDGFinduced cell migration, that endogenous Cyr61 interacts with specific integrins, and that Cyr61 bridges a PDGF-triggered intracellular signaling pathway with an integrin/FAK signaling pathway, leading to cell migration. These new observations point to a novel pathway of growth factor-mediated cell migration. The major findings are summarized and illustrated in Fig. 7 .
The identification of the matricellular protein Cyr61 as a key extracellular mediator of PDGF-induced cell migration also addressed the question of the downstream mediator of ERK and JNK pathways, which have been demonstrated previously to regulate PDGF-induced cell migration (9, 11) . Our data indicate that the ERK and JNK pathways lead to the production of the immediate early gene product Cyr61 in the extracellular matrix. These results also indicate that the ERK-and JNK-mediated matricellular protein Cyr61-integrin-FAK pathway contributes to over 60% of PDGF-induced cell migration and that this pathway is independent of the activation of p38 and PI3K, which partially contributes to PDGF-induced SMC migration.
PDGF has been considered to be the top culprit for injuryinduced vascular neointimal formation (1, 7, 37, 38) and to be a prominent factor for the development of atherosclerosis (6, 39, 40) . PDGF also plays a major role in tumorigenesis and metas- tasis (2, 41) . The identification of matrix protein Cyr61 as an extracellular molecule to bridge the immediate intracellular signaling pathway of PDGF and the cell membrane integrin pathway leading to cell function-migration may provide important therapeutic targets. This perspective is supported by recent findings that Cyr61 mediates vascular lesion formation and tumor development (42) (43) (44) .
Serum and PDGF induction of Cyr61 expression in fibroblasts was originally reported by Lau and co-workers (45) . However, the role of Cyr61 in mediation of PDGF-induced cell migration was not revealed. Our data demonstrate that knockdown of de novo Cyr61 expression blocked the majority of PDGF-induced SMC migration but had no effect on PDGFinduced cell proliferation, indicating a new and specific role of the newly synthesized Cyr61 in the PDGF pathway. We further revealed that the de novo synthesized Cyr61 is promptly translocated to the extracellular matrix, where Cyr61 interacts with the specific integrins ␣6␤1 and ␣␤3. Although the cysteinerich Cyr61 does not have RGD sequences, purified recombinant Cyr61 has been demonstrated to bind to various integrins to mediate diverse cellular functions: adhesion, proliferation, migration, survival, and apoptosis (12) (13) (14) (15) (16) (17) . We sought to address whether endogenously produced Cyr61, under condi-tions similar to physiological and pathological conditions, could interact with cell membrane-specific integrins. The two complementary approaches used in this study demonstrated the physical interaction between the endogenously produced Cyr61 and specific integrins in a cellular/extracellular microenvironment, which is closer to physiological/pathological conditions. However, the details of exact components and the nature of the giant complex (over 250 kD) warrant further investigation.
The role of integrin in PDGF-induced cell migration, especially SMC migration, has been demonstrated in the last two decades. Studies have indicated that ␣V␤3, ␤1, and ␣V␤5 mediate PDGF-induced SMC and fibroblast migration (46 -50) in various contexts. However, how these integrins interact with their ligands in the extracellular matrix to mediate PDGF signaling has been elusive. Our findings showing that the newly synthesized matricellular protein Cyr61 mediates PDGF signaling and interacts with integrins ␣6␤1 and ␣V␤3 provide a novel concept for the PDGF signaling pathway. Therefore, Cyr61 seems to be the long-missing, important extracellular mediator in the PDGF pathway. Our recent study has demonstrated that Cyr61 is a key mediator for lysophosphatidic acid-induced cell migration (51) . One previous article showed that Cyr61 mediates thrombin-induced cell proliferation (52) . It is our perspective that the interaction of de novo Cyr61 with various cell membrane integrins and other effectors is a key mechanism for an array of growth factor-mediated cell migration-and invasion-related diseases.
FAK activation is important in cell migration because of its regulation of the dynamics of cell adhesion, actin polymerization, and cytoskeleton reorganization (27) (28) (29) . One interesting observation is the biphasic peaks of FAK activation induced by PDGF: one weak, transient peak at around 2 min and another major peak at 60 -120 min. The early weak activation of FAK (at 2 min) is apparently irrelevant to protein synthesis. However, the latter major activation peak was completely blocked by either Cyr61 siRNA silencing of the newly synthesized Cyr61 or by integrin ␣6, ␤1, or ␤3 siRNA silencing. These results present the first demonstration that a Cyr61-integrin-FAK axis in the FIGURE 6. Integrins ␣6␤1 and ␣v␤3 mediated PDGF-BB-induced FAK activation and SMC migration. A, knockdown efficiency of integrins ␣6, ␤1, and ␤3 with specific integrin siRNAs was assessed in a Western blot analysis. Non, non-silencing siRNA. B, knockdown of expression of integrins ␣6, ␤1, and ␤3 with specific integrin siRNAs blocked PDGF-BB-induced FAK activation (1 h). C, knockdown of integrin ␣6, ␤1, and ␤3 expression with specific integrin siRNAs significantly inhibited PDGF-BB-induced SMC migration. **, p Ͻ 0.01 versus control (Con); ##, p Ͻ 0.01 versus the PDGF/non-silencing RNA group. 
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PDGF pathway mediates cell function. Previous studies have reported that PDGF activates FAK in various cell types (53) (54) (55) , and there are also studies demonstrating that integrin mediates FAK activation in the PDGF pathway (56, 57) . The newly identified Cyr61 in the extracellular matrix may be the long sought after key mediator converging the immediate PDGF intracellular signal to integrin and FAK, leading to cell function migration.
In summary, our study presents the first evidence that the de novo synthesized Cyr61 is the key mediator required for PDGFinduced cell migration. Our data reveal that the ERK and JNK pathways control Cyr61 synthesis and that the interaction of Cyr61 with integrins ␣6␤1 and ␣␤3 mediates intracellular FAK activation, leading to PDGF-induced cell migration. The identified Cyr61-integrin-FAK axis may represent the new concept that the matricellular protein Cyr61 is a key extracellular mediator for growth factor-induced cell migration via a mechanism involving interaction with specific cell membrane receptor integrins and activation of intracellular FAK. Cyr61 and the effectors in this pathway may be markers/mediators in many migration-related vascular diseases and cancers.
